Abstract: An underwater wireless power transfer system with a curly coil structure is proposed to adapt to the cylindrical symmetric hull of the autonomous underwater vehicles (AUVs). The unipolar and bipolar curly coils are optimised to minimise the weight of the receiver with the same output power. It is revealed that the bipolar curly coil structure has a heavier receiver than the unipolar curly coil structure. However, the electromagnetic field radiation in the AUV of the bipolar curly coil structure is much smaller than that of the unipolar curly coil structure, which means that the bipolar curly coil structure has a smaller influence on the electronics components in the AUV. Therefore, the bipolar curly coil is adopted for the prototype. The series −series (SS) and double-sided inductor−capacitor−capacitor (LCC−LCC) compensation topologies for the bipolar curly coil structure are also investigated. A prototype was built and the experimental results showed that distorted coil currents are generated in the SS compensation topology, while the LCC−LCC compensation has a nearly sinusoidal coil current. The efficiencies of the SS and LCC−LCC compensation topologies are approximately the same, at ∼95%, which indicates that the proposed curly coil structure is applicable.
Introduction
Wireless power transfer (WPT) is widely used in diverse scenarios [1] [2] [3] [4] , such as electric vehicles (EVs), electric bicycles, and autonomous underwater vehicles (AUVs). The research focus covers the power electronics converters, compensation topologies [5] , coil optimisation [6] , foreign object detection [7] , and safety issues [8] . Among these fields, the coil optimisation is crucial to increase the overall efficiency and minimise the size, weight, and cost of the WPT system, especially for the receiver side with a restricted requirement.
In the fields of the coil optimisation, the different coil structures have been extensively investigated. A loosely coupled unipolar coil was designed to minimise the electromagnetic field (EMF) radiation in the concerned areas [9] . Budhia et al. [10] designed and optimised the circular unipolar coils and built a 2 kW 700-mm diameter pad. A 3-D omnidirectional coil, which was composed of three unipolar coils and driven by a rotating current vector, was investigated. It showed that the direction of the maximum input power vector was the same as that of the maximum energy efficiency, which provided a useful tool to detect the load location [11] . Besides the unipolar coil structures, the bipolar coil structure has also been widely adopted in WPT systems for its high efficiency and misalignment tolerance. The magnetic analysis of the bipolar coil was conducted in a distributed WPT system, in which the magnetic field was longitudinal to the coil plane [12] . In the inductor−capacitor−capacitor-compensated WPT systems, the compensation inductors can be integrated with the main coils, achieving a compact magnetic coupler. A method that integrated the bipolar compensation coil into the unipolar main coil was proposed, realising a compact system size and eliminating the extra coupling [13] . A WPT system based on a relay resonator was investigated, which showed that the relay-based WPT systems had a larger transfer efficiency compared to that of the two-coil-based systems [14] .
The coil structures mentioned above are difficult to perfectly adapt to the cylindrical hull of the AUV. In order to improve the hydrodynamic performance of the AUV, a hull-compatible coaxial coil structure was developed and the efficiency was optimised by evaluating the power losses of different parts [15] . However, the magnetic field is divergent to the centre of the coil, which would affect the electronics components in the AUV. In order to solve this problem, a three-phase WPT system was proposed and the solenoid coil structure was used, which can be compatible with the AUV's hull and has concentrated magnetic field. The system can achieve 1 kW under a 92.41% DC−DC efficiency. However, the system efficiency and output power will decrease dramatically with the rotational misalignment [16] . Therefore, another three-phase WPT system was proposed which not only preserved the merits of the former one, but also improved the performance during the rotational misalignments [17] . However, this coil structure needs modification to the AUV's hull, and the size of the receiver is large due to the three toroidal coils need for the design which might limit the application of the proposed technology. This paper proposes an underwater WPT system with a hullcompatible curly coil structure to charge the AUV. The curly coil structure facilitates the installation of the WPT system to the hull of the AUV without additional alteration, and it is easy to shield the magnetic field. The unipolar and bipolar curly coils are designed and optimised by a finite element analysis tool. The series −series (SS) and double-sided inductor−capacitor−capacitor (LCC −LCC) compensation topologies for the curly coil structure are also analysed. A WPT prototype is set up to validate the analysis.
Coil design
The proposed curly coil structure is shown in Fig. 1 . The curly coil is hull-compatible and can be embedded in the AUV's hull, which can spare a lot of space for the AUV. The ferrite is used at the back of the coil to improve the coupling between the transmitter and the receiver and decrease the electromagnetic radiation. Due to the outer diameter of the AUV, the radius of the receiver coil R 2 is set to 150 mm, and the gap between the transmitter and the receiver is fixed at 10 mm.
Due to the hull-compatible curly coil structure, the receiver can be embedded into the AUV's hull. Therefore, the receiver size is no longer a restriction on the AUV. However, the weight is still a concern on the AUV due to the long voyage target, and the EMF radiation in the AUV is another issue which should be considered to protect the electronics components.
Weight calculation
The transmitter is installed in the stationary base station with no weight restrictions. Therefore, we only optimise the weight of the receiver in this paper. The output power of two inductively coupled coils is maximised when the phase difference between the transmitter and receiver currents is 90° [18] , which can be expressed as
where ω 0 is the resonant angular frequency, I 1 (I 2 ) is the transmitter (receiver) current, L 10 (L 20 ) is the single-turn self-inductance of the transmitter (receiver), N 1 (N 2 ) is the turn number of the transmitter (receiver), M and k are the mutual inductance and the coupling coefficient between the transmitter and the receiver, respectively. In this paper, the output power is 1000 W. The unipolar and bipolar coils, which are shown in Fig. 2 , are optimised for the AUV. The outer width of the coil W is set to 160 mm, the ferrite is 20 mm wider than the coil, the aluminium is 20 mm wider than the ferrite, and the open angle θ varies from 50° to 120°. Then k, L 10 , and L 20 can be obtained via the finite element analysis tool ANSYS Maxwell. In the simulations, the type of the ferrite is 3C95, the saturation magnetic flux density is 0.5 T, and the relative permeability is 3300. The coupling coefficient varying with the coil width under different open angles is shown in Fig. 3 . The coupling coefficient increases with an increasing coil width and then reaches a relatively stable value, which is seen as saturation. So in the increasing range, we can increase the coil width to increase the coupling coefficient until it is saturated. It can be seen from Fig. 3a that the coupling coefficient of the unipolar curly coil is saturated when the coil width is 40 mm under different open angles. Fig. 3b shows that the coupling coefficient of the bipolar curly coil is saturated when the coil width is 20 mm.
We fixed the coil width of the unipolar and bipolar curly coils at 40 and 20 mm, respectively, and assume that the ampere-turn of the transmitter equals that of the receiver, namely, N 1 I 1 = N 2 I 2 = NI. The targeted P out is 1000 W. Then the ampere-turn can be calculated as
By substituting the ampere-turn into the current excitation of the ANSYS Maxwell, the maximum magnetic flux density B max in the ferrite can be obtained. The design requirement is B max ≤ 0.2 T, because 0.2 T is in the linear segment of the BH curve of the 3C95 ferrite and close to the inflection point of the BH curve. Also, the power loss is smaller at a smaller magnetic flux density under the same temperature and frequency. Table 1 shows the maximum magnetic flux density in the ferrite. It can be seen that the magnetic flux density in the ferrite of the unipolar coil structure is smaller than that in the ferrite of the bipolar coil structure, which is because the smaller ampere-turns of the unipolar coil structure. The weight of the copper for the unipolar curly coil m copper_uni can be calculated as where W unicoil is the coil width of the unipolar curly coil, ρ copper is the density of the copper, and J is the current density, which is set to 4 A/mm 2 .
The corresponding copper weight of the bipolar curly coil m copper_bi is
where W bicoil is the coil width of the bipolar curly coil. With the same calculation method, the ferrite weight and the aluminium weight of the unipolar and bipolar curly coil, namely m ferrite_uni , m ferrite_bi , m aluminum_uni , and m aluminum_bi , can be obtained. Then the total weight of the receiver can be obtained as Table 2 shows the total weight of the receiver for the unipolar and bipolar curly coil structure. To meet the requirement of the maximum magnetic flux density and the minimum receiver weight, it can be seen from Tables 1 and 2 that the open angle θ of the unipolar and bipolar curly coil should both equal 60°. The receiver ferrite thickness of the unipolar curly coil equals 1 mm and the receiver ferrite thickness of the bipolar curly coil equals 2 mm. The receiver weight of the bipolar coil is 521.1 g, which is heavier than that of the unipolar coil weight of 363.4 g.
EMF radiation
The system parameters are settled by the above procedure. Then the EMF radiation in the AUV should be considered. Fig. 4 shows the magnetic field distribution of the unipolar and bipolar curly coil structures in the cross-section under the same output power and operating frequency with the optimised receiver weight point. It can be seen that the bipolar curly coil structure has a less EMF radiation compared to the unipolar curly coil structure, which means that the electronics components in the AUV can be well protected by using the bipolar curly coil structure. When we increase the receiver ferrite thickness of the unipolar curly coil structure to 2 mm, which is the same as that of the bipolar curly coil structure, we can see in Fig. 5 that the bipolar curly coil structure has a smaller EMF radiation. The flow diagram of the system design procedure is shown in Fig. 6 . Above all, the unipolar and bipolar curly coil structures both have merits and demerits. Based on the priorities of different practical applications, the specific curly coil structure (unipolar or bipolar) can be determined. In this paper, we target a small AUV and since the size is small, which means that the EMF radiation will affect more inside the AUV. Although the receiver weight of the bipolar coil is 521.1 g, which is more than that of the unipolar coil of 363.4 g, the receiver weight of both the bipolar and unipolar coil structures can be accepted by the AUV's loading capacity. Therefore, we choose the bipolar coil for the AUV to better protect the electronics components in the AUV. If the required power is lager, the receiver weight will be larger too due to the larger required dimension of the receiver, and then the receiver weight may become the priority of the system design.
Topology comparison
The SS and LCC−LCC compensation topologies are widely used in WPT systems due to their symmetric parameters and constantcurrent output characteristic. Therefore, the comparison is made between these two topologies.
SS topology
The circuit topology of the proposed WPT system with SS topology is depicted in Fig. 7a . L 1 (L 2 ) is the transmitter (receiver) inductance, C 1 (C 2 ) is the series compensation capacitance, U bus (U bat ) is the inverter (battery) DC voltage, U 1 (U 2 ) is the inverter (rectifier) AC voltage, I 1 (I 2 ) is the transmitter (receiver) current, and M 12 is the mutual inductance between L 1 and L 2 .
The receiver current at resonance is The unit for the total weight of the receiver is g.
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The SS topology has a constant-current output. The output power can be expressed as
We fix U bus = U bat = 130 V and P out_SS = 1000 W, and the turn number N SS can be calculated as
Therefore, the turn number is set to 6.
LCC-−LCC topology
The LCC-LCC topology of the proposed WPT system is depicted in Fig. 7b . L f3 (L f4 ) is the compensation inductance, C 3 (C 4 ) is the series compensation capacitance, C f3 (C f4 ) is the parallel compensation capacitance, U bus (U bat ) is the inverter (battery) DC 
The LCC−LCC topology also has a constant-current output. The output power at resonance is
where α denotes the ratio of the compensation inductance and the main inductance. We also fix U bus = U bat = 130 V and P out_LCC = 1000 W, then the turn number N LCC can be calculated as
Assuming α = k, N LCC also equals 5.8. Therefore, the turn number is also set to 6.
Calculations and experiments
A prototype based on the proposed bipolar curly coil is implemented, as shown in Fig. 8 . The system specifications and the circuit parameters are listed in Table 3 . The width of the coil is 160 mm and the open angle is 60°, and the turn numbers of the transmitter and the receiver are both 6. Since the transmitter and the receiver are coaxial and have the same open angle, the transmitter is a little larger than the receiver, resulting in a larger self-inductance. Fig. 9 shows the voltage and current waveforms of the SS and LCC−LCC compensation topologies. U bus and U bat are both 130 V. It can be seen that the coil currents of the SS topology are distorted, while the currents of the LCC−LCC topology remain relatively sinusoidal due to the different input impedances of different topologies caused by the large coupling coefficient.
U bus is fixed at 130 V, and U bat changes from 50 to 130 V. Fig. 10 shows the output power and DC−DC efficiency of the SS and LCC−LCC topology varying with the input DC voltage. It can be noted from Fig. 10a that the output power of the SS topology is nearly identical to that of the LCC−LCC topology, which verifies the analysis in Section 3. Fig. 10b indicates that the DC−DC efficiency of the SS topology is roughly 1% higher than that of the LCC−LCC topology, even though the coil currents are distorted. This is because there are six compensation components in the LCC −LCC topology, which results in extra loss in the system compare to the SS topology. However, both topologies can be selected in the practical applications for their high efficiencies and constantcurrent output.
Conclusion
An underwater WPT system with a curly coil structure has been proposed to charge the AUV. The receiver can be adapted to the cylindrical symmetric hull of the AUV. The unipolar and bipolar curly coils have been optimised. It has been found that the optimised open angles of both coil structures are 60° and the receiver weight of the bipolar curly coil structure is heavier than that of the unipolar curly coil structure. However, the EMF radiation in the AUV of the bipolar curly coil structure is much smaller than that of the unipolar curly coil structure, which means that the bipolar curly coil structure has a smaller influence on the electronics components in the AUV. A 1000 W prototype has been built and the experimental results showed that the coil currents of the SS topology are distorted, while the currents of the LCC−LCC topology remain relatively sinusoidal. The DC−DC efficiency of the SS topology is nearly the same as that of the LCC topology, both at ∼95%, which indicates that the proposed curly coil structure is applicable. 
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